For partially submerged landslides, hydrostatic and hydrodynamic pressures, related to water level fluctuation and rainfall, are usually expressed in the form of porewater pressure, seepage force, and buoyancy. There are some connections among them, but it is very easy to confuse one force with another. This paper presents a modified mathematical expression for stability analysis of partially submerged landslide and builds the relationship between porewater pressures and buoyancy acting on the underwater zone of partially submerged landslide and the relationship among porewater pressures, seepage force, and buoyancy acting on partially submerged zone. The porewater pressures acting on the underwater slice are calculated using hydrostatic forces, and the porewater pressures acting on the partially submerged slice are estimated by an approximation of equipotential lines and flow lines under the steady state seepage condition. The resultant of the porewater pressures acting on the underwater slice equals the buoyancy, and that acting on the partially submerged slice is equivalent to the vector sum of seepage force and the buoyancy. The result shows there are two equivalent approaches for considering the effect of water on landslide stability in the limit equilibrium method. One is based on total unit weight and porewater pressures, and the other is in terms of the buoyant weight and the seepage force. The study provides a modified model for simplifying the complex boundary porewater pressures in limit equilibrium analysis for the stability of the partially submerged landslide.
Introduction
Water, including groundwater and reservoir water, has long been considered as one of the most significant factors responsible for landslide failures, which is affected by water level fluctuation and rainfall in partially submerged landslides [1] [2] [3] [4] [5] . Statistics data from He et al. [6] showed that about 94% of landslides are triggered by rain and water storage in the TGR Region. The combined seepage-slope stability analyses in Mountain Toc of Italy by Paronuzzi et al. [7] demonstrated that the decreases in safety factors caused by filling and drawdown of the Vajont reservoir and heavy rainfall were about 12% and 3%. The significant examples related to the water level fluctuation and rainfall have been recorded and discussed by researchers, such as rainfall-induced landslides of the Iva Valley in Southeastern Nigeria [8] , landslides triggered by the July 2011 intense rainstorm in Korea, the June 2013 extreme rainfall in India and the October 2013 heavy rainfall associated with the typhoon in Japan [9] [10] [11] , and landslide events associated with the water level fluctuation and rainfall [12] [13] [14] [15] [16] [17] [18] [19] .
Forces acting on landslide, related to water level fluctuation and rainfall, mainly include hydrostatic and hydrodynamic pressures. For partially submerged landslides, these forces are usually expressed in the form of porewater pressure, seepage force, and buoyancy. Some studies show that there are some connections between one force and another. The porewater pressure is considered as internal force and has the effect of reducing internal energy dissipation for a given collapse mechanism. However it may also be regarded as external forces, and its contribution can be included in the virtual work equations through the seepage force and buoyant terms [20] [21] [22] . Water pressures on the face of a partially submerged landslide can be replaced by forces and moments which are directly added to slices or by a strengthless soil layer with self-weight equivalent to water weight or by an end force on slip surface at the toe of the landslide [23] .
In some previous studies about the limit equilibrium methods of landslide stability, there are still some differences in analysing and using these forces related to hydrostatic and hydrodynamic pressures. Yamin and Liang [24] developed a limiting equilibrium method of slices for calculating global factor of safety of a slope and accounted for porewater pressure at the slice base related to its effective stress. However, they did not discuss the porewater pressure acting on the vertical boundaries of the slice. Li and Liang [25] only considered porewater pressure at the slice base when applying the limit equilibrium method to the interslice forces of a drilled shaft slope system. Zhou et al. [26] used the limiting equilibrium method to calculate the lateral force acting on the piles and considered the effect of the porewater pressure on the lateral forces of stabilizing piles in terms of the seepage force and the buoyant weight. Some used the porewater pressure on the base of the landslide [24, 25, [27] [28] [29] , some others allowed for boundary water pressures of slices [30] , and others accounted for the seepage pressure [26, 31, 32] . Therefore, it is very easy to confuse one force with another.
This paper presents a modified expression for stability analysis of partially submerged landslide based on considering hydrostatic and hydrodynamic pressures acting on the underwater zone and partially submerged zone of the partially submerged landslides. Two relationships, including the relationship between porewater pressures and buoyancy acting on the underwater zone of partially submerged landslide and the relationship among porewater pressures, seepage force, and buoyancy acting on partially submerged zone, are clarified in detail. Two equivalent approaches are proposed to consider the effect of water on landslide stability in the limit equilibrium method of slices. One is based on the total unit weight and the porewater pressures, and the other is in terms of the buoyant weight and the seepage force. The latter is simpler to determine the safety factor of partially submerged landslide.
Porewater Pressures of a Partially
Submerged Landslide
Porewater Pressures Acting on an Underwater Slice.
A partially submerged landslide can be divided into the underwater zone and partially submerged zone. A typical cross section of a partially submerged landslide is shown in Figure 1 . Two types of slices, underwater slice (Slice ) and partially submerged slice (Slice ), are bounded by the reservoir water surface. When analysing forces acting on an underwater slice (Figure 2 ), we posit that reservoir water is under static condition, and the boundary porewater pressures can be calculated as
where 1 , 2 , 3 , and 4 are the porewater pressures acting on its four sides of slice , , , , and are the lengths of four sides, and is the unit weight of water.
Porewater Pressures Acting on a Partially Submerged Slice.
When a phreatic surface of the partially submerged zone is defined, the porewater pressures are calculated for the steady state seepage condition by drawing a flow net (Figure 3 ). The actual pressure head at point can be obtained by drawing an equipotential line ( ) through that point. But the actual seepage and porewater pressures are complex; it is necessary to use simple approximations [33] [34] [35] . One approximation is to define the porewater pressures using a line that represents a phreatic surface ( ) and to approximate the equipotential line as a straight line which is perpendicular to the straight line [33] . The porewater pressure can be represented as a function of the hydraulic head. Under the steady state seepage conditions, the hydraulic head of the line can be described by where ℎ is the hydraulic head, and are the porewater pressures of the point and point , respectively, and and are the elevation heads of the point and point , respectively.
The phreatic surface is considered to be a flow line and a line of the atmospheric pressure or zero pressure, and (2) can be written as
The hydraulic gradient of the seepage can be approximately estimated by examining the hydraulic head difference between point and point on the phreatic surface
The porewater pressures acting on a partially submerged slice are shown in Figure 4 . According to (3), these forces can be calculated as
Relationship between Porewater Pressures and Seepage Force

Resultant of the Porewater Pressures Acting on the Underwater Slice.
The porewater pressures, acting on four sides of the underwater slice ( Figure 2 ), are resolved into two directions which are parallel and perpendicular to the slice base. The resultants of these forces acting on the slice can be derived as
where is the resultant of the porewater pressures in direction perpendicular to the slice base, is the their resultant in direction parallel to the slice base, is the inclination of the slice base of slice , and is the inclination of top slide of slice . By substituting (1a), (1b), (1c), and (1d) into (6), we obtain
By rearranging the above two equations, the following expressions can be written as
where is the volume of slice in Figure 2 .
Resultant of the Porewater Pressures Acting on the Partially Submerged
Slice. All porewater pressures acting on the partially submerged slice, which are shown in Figure 4 , are also decomposed into two directions which are parallel and perpendicular to the slice base, which can be expressed as
By substituting (5a), (5b), and (5c) into (10), we obtain
Based on the Law of Sines, an equation relating the lengths of the sides of the triangle to the Sines of its angles can be given by
By substituting (12) into (11), the following expressions can be derived as
Trigonometric functions using functional equations in terms of properties like the sum and difference formulas of two angles are applied to transformation of equations. The expressions above can be written as
where is the volume of the section below the phreatic surface of slice in Figure 4 .
Relationship between Porewater Pressures and Seepage
Force. The seepage force is directly proportional to the hydraulic gradient and the soil volume below the phreatic surface [26, 31] , which can be defined as
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Reservoir water level (b) Figure 5 : Forces acting on the underwater slice: (a) the porewater pressures based on (6) and (7); (b) substituting the buoyant weight for the porewater pressures and the total weight of the slice.
By substituting (15) into (14), the following expressions can be derived as
According to (8) and (9), the resultant of the porewater pressures acting on four sides of the underwater slice equals the buoyancy. Based on (16) and (17), the resultant of the porewater pressures acting on three sides acting on the partially submerged slice is equivalent to the vector sum of the buoyancy and the seepage force.
Stability Analysis of Partially Submerged Landslide
The following assumptions were applied to limit equilibrium method for the landslide stability [25, 26] . (1) The landslide is divided into a series of vertical slices. (2) Each slice is assumed to be rigid. (3) The FOS is considered to be identical for all slices. (4) The thrust line of the interslice force on a lower slice is assumed to be parallel to the current slice base. (5) If the interslice force is negative, the value is assumed to be zero.
Limit Equilibrium Equations of the Underwater Slice.
One approach, considering the effect of water on the underwater slices of partially submerged landslides in the limit equilibrium analysis, is based on porewater pressures. The resultant of the porewater pressures is based on (8) and (9) . All forces are resolved into both the parallel and perpendicular directions to the slice base ( Figure 5(a) ), resulting in the following equations:
The other approach directly uses the buoyancy. All forces are resolved into both directions ( Figure 5 (b)), and we obtain
where 1 is the total weight of the slice , which is calculated using saturated unit weight, 2 is the buoyant weight of the slice, which is calculated using buoyant unit weight, is the normal force at the base of the slice, −1 is the interslice force of slice − 1 acting on slice at the vertical boundary, is the interslice force of slice acting on slice + 1 at the vertical boundary, and is the mobilized shear strength along the base of the slice, which can be determined using the Mohr-Coulomb yield criterion:
where is the cohesion of the slip surface, is the length of the slip surface, is the friction angle of the slip surface, and Fs is the safety factor. In fact, substituting (8) into (18), (20) can be obtained, and substituting (9) into (19) , (21) can be obtained. Therefore, there are two equivalent approaches for considering the effect of water on the underwater zone of the partially submerged landslide in limit equilibrium analysis. One is based on porewater pressures, and the other uses the buoyant weight, without considering any porewater pressures.
Limit Equilibrium Equations of the Partially Submerged
Slice. For the partially submerged slice, all forces, including the resultant of the porewater pressures in terms of (16) and (17) , are also resolved into the same directions with the underwater slice as follows (Figure 6(a) ): (16) and (17); (b) substituting the seepage force and buoyant weight for the porewater pressures and the total weight of the slice.
The other approach directly uses the buoyancy and the seepage force. All forces are resolved into both directions ( Figure 6(b) ), and we obtain cos − sin ( − ) −
sin
where 1 is the total weight of the section below the surface phreatic, 2 is the buoyant weight of the section , 3 is the weight of the section above the surface phreatic, and is the sum of 2 and 3 . If we substitute (16) into (23), (25) can be obtained, and substituting (17) into (24), (26) can be obtained. Therefore, there are also two equivalent approaches for considering the effect of water on the partially submerged zone. One is based on the porewater pressures and total weight, and the other uses the seepage force and buoyant weight, without considering any porewater pressures.
The Safety Factor of the Partially Submerged Landslide.
It can be seen that both of (20) and (25) have the same forms, but (25) differs from (20) in two ways. One is that the weight term in (20) is the buoyant weight of the slice, while it is the sum of the weight of the section above the phreatic surface and buoyant weight of the section below the surface phreatic. The other is that there is the seepage force term in (25) , not in (20) . It is the same for (21) and (26) . Thus, (25) and (26) are used not only for the partially submerged zone, but also for the underwater zone by regarding the seepage force as zero.
By adding the effect of the porewater pressure to the formula proposed by Yamin and Liang [24] , we obtain a modified expression for calculating the safety factor of the partially submerged landslide stability using the seepage force and the buoyant weight terms, which is written as
where is the weight of any slice , is the seepage force, which is zero for an underwater slice, is the volume of slice below the surface phreatic, is buoyant unit weight of slice , is the volume of slice above the surface phreatic, which is zero for an underwater slice, is the unit weight of slice above the surface phreatic, and is the slice number of a landslide. (Figures 8 and 9) .
Case Study
Characteristics of Xiatudiling
The Xiatudiling landslide is composed of loose rubble soil with a clay content of 15% ∼40%, the rubbles, which consist of sandstone and mudstone. Slip surface is mainly formed in the strongly weathered mudstone. Slip surface has a dip direction of 342
∘ and a dip angle of 8 ∘ . The exposed bedrock of the landslide is mainly red Jurassic Penglaizhen Formation (J 3 p), and the lithologies are mainly composed of purple mudstone, purple pelitic siltstone, and gray feldspar-quartz sandstone [36] .
The Xiatudiling landslide is divided into 64 vertical slices ( Figure 10 ). The cohesion of slip surface is 10 kN, and the 
Results and Discussion.
The safety factors of the Xiatudiling landslide are calculated by four models, Janbu, Morgenstern-Price, Spencer, and the method proposed by us. When the level of reservoir water is 175 m, the safety factor calculated by the method proposed in this study, Janbu, Morgenstern-Price, and Spencer is 1.130, 1.110, 1.097, and 1.100, respectively ( Table 1) . The safety factor proposed in this study is slightly larger than that by other models. The maximum difference is 0.033 and the rate of deviation is 2.92%. The difference is caused by the different assumption of interslice resultant force. Our method assumes the vector of interslice resultant force is parallel to slice base, while Janbu assumes the position of interslice horizontal force, Morgenstern-Price assumes a function relationship between interslice horizontal force and shear force, and Spencer assumes the dip of interslice resultant force is a constant.
Conclusions
The influences of water on the stability of the partially submerged landslide are usually expressed in the form of porewater pressure and seepage force in limit equilibrium analysis. This study builds the relationship between the porewater pressures and the seepage force by decomposition and composition of all boundary porewater pressures into two directions that are parallel and perpendicular to the slice base.
A partially submerged landslide is divided into many vertical slices that include underwater slices and partially submerged slices. A hydrostatic force approach is applied to calculate the boundary porewater pressure acting on an underwater slice, and a flow net approach is used to obtain the porewater pressures acting on a partially submerged slice. The resultant of the porewater pressures acting on the underwater slice equals the buoyancy, and that acting on the partially submerged slice is equivalent to the vector sum of the seepage force and the buoyancy.
There are two approaches for considering the effect of water on landslide stability in the limit equilibrium method of slices. One is based on total unit weight and porewater pressures acting, and the other is in terms of the buoyant weight and the seepage force. Both approaches are equivalent. The approach including the total unit weight and porewater pressures is complex. The porewater pressures of the underwater slice consist of four terms corresponding to the four sides, and those of the partially submerged slice are comprised of three terms corresponding to the three sides below the phreatic surface, while the other approach including the seepage force and buoyancy is simpler. Therefore, we choose the latter to consider the effect of water on the partially submerged landslide stability in limit equilibrium analysis, which offers a simple solution to complex boundary porewater pressures of slices in determining the factor of safety.
The proposed simplified method is used to calculate the safety factors of Xiatudiling landslide and is compared with that by Janbu, Morgenstern-Price, and Spencer model. The safety factor of this study is slightly larger than that by other models. The maximum difference is 0.033 and the rate of deviation is 2.92%.
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